Mesoporous silica-phosphate hybrids were successfully prepared by three processes: hybridization post synthesis by H 3 PO 4 , hybridizations during synthesis by Na 2 HPO 4 and by PO(OC 2 H 5 ). X-ray diffraction patterns confirm that the hexagonal pore structure was maintained after the hybridization process. The maximum phosphate amount was 2.9 mol % in the sample prepared by hybridization during synthesis from Na 2 SiO 3 and PO(OC 2 H 5 ) 3 . The specific surface area showed a large value of approximately 1000 m 2 /g despite the hybridization. The SiOP bonds were confirmed by nuclear magnetic resonance and X-ray photoelectron spectroscopy. The maximum adsorption amount of rare earth metal cations into the hybrid was approximately 70% of the initial concentration (50 mg/L) for each rare earth metal cation in coexistence with 13 rare earth metal cations.
Introduction
There are seventeen rare earth metals. They are used for a large range of industrial materials because of their magnetic, luminescent, abrasive, etc. properties based on the unique characteristics of f-electrons. 1) Recently, rare earth metal elements have gained considerable attention based on their increasing demand in industries.
2) This increasing demand means that the presence of the rare earth metals in industrial waste is also increasing. Nowadays, establishing effective methods for recovering rare earth metals from industrial waste are frequently demanded to achieve cyclical use of resources. In particular, we focused on recovering rare earth metal cations from industrial waste solutions. Recovery processes for rare earth metal cations have received broad attention because of their important industrial uses. 3) Mesoporous silica (MPS) was discovered in the early 1990 s, and it performs an important role in materials chemistry. 4) MCM-41 is the most studied member of the MPS family. MCM-41 contains homogeneous pores of 210 nm in diameter and specific surface areas above 1000 m 2 /g. 5)7) MCM-41 can be synthesized by a solgel method using cetyltrimethylammonium bromide [CTAB, C 16 H 33 N(CH 3 ) 3 Br] as a template. The silica wall of MPS is amorphous at the atomic level, but it has a crystal structure at the meso scale. MPS has great uses in catalysis, 8) adsorption media, 9) and drug delivery systems 10)12) because of its large internal surface area. Modifying functional molecules on the MPS wall can enhance the physical and chemical properties of MPS.
Previous research has suggested that the phosphate can adsorb rare earth metal cations. Takei et al. reported that £-zirconium phosphate showed good adsorption properties toward rare earth metal cations. In this case, two types of OH groups on PO 4 tetrahedra are probably effective for the adsorption. 13) Takei et al. reported MPS and a hydroxyapatite hybrid as rare earth adsorbents. 14) However, the amount of phosphate and its state cannot be controlled because phosphate is included in the crystal structure. The purpose of this study is to prepare MPS-phosphate hybrids by various processes and examine their abilities to adsorb rare earth metal cations.
Experimental procedure

Preparation of MPS-phosphate hybrids
In this study, MPS-phosphate hybrids were prepared by three processes. The typical conditions for the processes are mentioned as follows: (A) MPS was synthesized in advance. CTAB was added to distilled water as a template with a molar ratio of 3:22 for CTAB and Si. Ethylamine was used as a precipitant. Tetraethylorthosilicate was added to the reaction mixture and shaken at 70°C for 24 h. After filtering the solution, the obtained MPS precursor was dried at 80°C for 24 h. The precursor was heated at 500°C for 6 h to remove CTAB. Then, the obtained MPS was added to a phosphoric acid solution to be refluxed at 150°C for 12 h. The molar ratios of Si and P was 1:0.5, 1:1 or 1:10. After the treatment, the sample was dried at 70°C to prepare the MPS-phosphate hybrid (MPS-HP). (B) Na 2 SiO 3 and Na 2 HPO 4 (molar ratios of 4:1, 2:1 or 1:1) were refluxed to form silicophosphate. Na 2 SiO 3 and Na 2 HPO 4 were added to distilled water and refluxed at 150°C for 3 days for use as starting materials. In the synthesis of MPS, the silicophosphate molecules were added to the CTAB solution and were shaken at 70°C for 24 h. The molar ratio of CTAB and Si was 9:44. After filtering the solution, the obtained compound was heated at 500°C for 6 h to remove CTAB. Finally, the MPS-phosphate hybrid (MPS-NaP) was obtained. (C) Na 2 SiO 3 and PO(OC 2 H 5 ) 3 were added at the same time at molar ratios of 1:5 or 1:10, respectively. Na 2 SiO 3 and PO(OC 2 H 5 ) 3 were added to the CTAB solution and were shaken at 70°C for 24 h. The molar ratio of CTAB and Si was 3:22. After filtering this solution, the obtained compound was heated at 500°C for 6 h to remove the CTAB and ethyl group. Finally, the MPS-phosphate hybrid (MPS-EtP) was obtained.
Adsorption property of MPS-phosphate for rare earth metal cations
The adsorption properties were examined for thirteen rare earth metal elements. The adsorption experiments were carried out at 25°C for 24 h. The MPS-phosphate hybrids (0.2 g) were added to the nitrate solution (20 mL) containing Y(III), La(III), Ca(III), Pr(III), Nd(III), Sm(III), Eu(III), Gd(III), Tb(III), Dy(III), Ho(III), Er(III), and Yb(III), each with an initial concentration of 50 mg/L. Thus, this solution includes 650 mg/L of rare earth metal cations. After the reaction, the sorbents were separated by filtration. The filtered solutions were examined by inductively coupled plasma (ICP) analysis to determine the adsorption properties.
Characterization
X-ray diffraction (XRD) was used to examine the structure of the MPS-phosphate hybrids with monochromated Cu K¡ radiation. (RINT-2000, Rigaku). The specific surface areas were measured by N 2 adsorption at 77 K (BELSORP-mini, MicrotracBEL). The particle shapes were observed by FE-SEM (JSM-6500F, JEOL). The vibrational modes in the hybrids were examined using Fourier-transform infrared spectroscopy (FTIR4100, JASCO). The bonding states were examined by dipolar-dephasing magic angle spinning solid state nuclear magnetic resonance (DD MAS NMR, Ascend 500, Bruker). Solid state 29 Si and 31 P NMR spectra were acquired at 99.36 and 202.46 MHz with pulse width of 5¯sec, respectively. For these spectra, measurements were carried out 180 and 60 times with recycle delays of 60 and 40 s, respectively. The states were also examined by X-ray photoelectron spectroscopy (XPS, Kratos Axis-Ultima, Shimadzu) with Al K¡ radiation. The amount of P and the adsorption ability of the rare earth metal cations were estimated by ICP atomic emission spectroscopy (ICP analysis, PS3500DD, Hitachi HighTechnologies) and X-ray fluorescence (XRF, ZSX Primus II, Rigaku).
Results and discussion
Preparation of MPS-phosphate hybrids
From consideration of optimum loaded Si and P ratio from XRD patterns and amounts of phosphorus included omitted in this paper, we determined that optimum loaded ratios of Si and P are 1:10 for MPS-HP, 2:1 for MPS-NaP and 1:5 for MPS-EtP. Therefore, we use the hybrids with these Si and P loaded ratio hereafter. Figure 1 shows the XRD patterns of MPS and the MPS-phosphate hybrids. Peaks of (100), (110), and (200) are attributed to the hexagonal structures of typical MPS. 4) For MPS-HP, these peaks slightly shift toward a higher angle. These shifts may result from condensation of the silica network. Figure 2 shows the N 2 adsorption isotherms of MPS and the MPS-phosphate hybrids. For MPS-NaP, hysteresis may appear at a relative pressure of approximately 0.8. In contrast, the other samples show no hysteresis and plateau from 0.5 to 0.9 of P/P 0 . This hysteresis is attributed to the inter particle gaps in MPS-NaP because the MPS-NaP particles tend to be slightly small because they polymerize slower than pure silica. Figure 3 shows FE-SEM micrographs of MPS and the MPS-phosphate hybrids. These micrographs confirm that particle size of MPS-NaP is quite smaller than those of other samples. Figure 4 shows distributions of the pore radii of MPS and the MPS-phosphate hybrids. Prepared MPS and MPS-EtP have , which are slightly smaller than that of MPS. The surface area of MPS-HP is comparatively lower than that of MPS and others. From the XRD data and pore size distribution, the silica framework of MPS-HP may have collapsed by refluxing.
In silicate glass systems, silicon must bind to oxygen to form SiO 2 tetrahedra. The silica network can be expressed by Q n , in which n is related to the bridging number of oxygens. 15) Figure 5 , and Q 4 are 6, 40, and 54%, respectively. Refluxing MPS in the H 3 PO 4 aqueous solution tends to break the silica bonds. Such bond breaking seems to be inconsistent with the condensation. The reflux treatment might be prone to optimization to minimize the surface energy. In this severe circumstance, some SiO bonds show disconnections to be more easily reconstructed than in the nonrefluxed samples. For MPS-NaP, the relative fractions of Q 2 , Q 3 , and Q 4 are approximately 4, 44, and 52%, respectively. Assuming that Na + ions exist as network modifiers in the silicate network, the Q 2 and Q 3 groups ought to be increased in the DD MAS NMR spectra. For MPS-EtP, the relative fractions of Q 2 , Q 3 , and Q 4 are 7, 39, and 53%, respectively. Figure 6 shows the DD MAS NMR spectra of 31 P. The relationship between the bonding state of P and chemical shift in the DD MAS NMR spectra were reported in the literature. For the PO 4 tetrahedra with bridging oxygen, the peak shifts to the high magnetic field side. 16 ) From these spectra, a peak at around 0 ppm still exists, which may be derived from isolated phosphate. That is, most of the phosphate did not form the bond. However, peaks at approximately ¹11 ppm are observed for MPS-HP and MPSEtP. Such peaks can be regarded as apparent evidence for the existence of a bond between phosphate and silica with a bridging oxygen atom. Okabe
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and POP bonds, 18) respectively. For MPS-HP and MPS-EtP, the peaks at 131.8 eV are derived from POSi bonds. 20) Phosphate probably shared an O atom at the corner of the silica tetrahedron. From the P 2p spectra, the signal-to-noise ratio seems to be quite low. The reason for such a low intensity might be the existence of phosphate within a pore rather than on the surface of the MPS particles.
Adsorption property of MPS-phosphate for
rare earth metal cations Figure 9 shows the results for the adsorption of rare earth metal cations by the MPS and MPS-phosphate hybrids. In these experiments, leached phosphorus is difficult to be detected by ICP measurements. From the figure, MPS did not adsorb the rare earth metal cations very well. However, the MPS-phosphate hybrid could adsorb the rare earth metal cations. The maximum achieved adsorption amount was approximately 70% for MPSEtP. The adsorption amount can be expressed by the following formula, ) and the amount of PO 4 in the hybrids using the assumption that all phosphates exist on the SiO 2 wall.
where S A (MPS) and S A are the specific surface areas for MPS and the hybrids, respectively. M and x are the molar number and amount, respectively, of P and P/(Si + P). N A is Avogadro's constant. Table 2 shows the values of W, W SiO2 , and W PO4 for each sample. From this table, the amount of adsorption on PO 4 increases by increasing the number of phosphate groups. Here, the adsorption amounts of PO 4 can be calculated as approximately 2.43, 0.35, and 0.39 for MPS-HP, MPS-NaP, and MPSEtP, respectively. Generally, equimolar amounts of the rare earth metal cations can be adsorbed based on the trivalent charge of the rare earth cations because the phosphate anion has a trivalent charge. From such a consideration, the ratio for MPS-HP seems to be too large. This large adsorption ratio might be provided by the large surrounding area of PO 4 for MPS-HP. When all PO 4 tetrahedra are exposed on the SiO 2 wall, the fraction of the surface area occupied by PO 4 can be calculated as 0.2, 1.9, and 5.4% for MPS-HP, MPS-NaP, and MPS-EtP, respectively. The fraction of 0.2%, which is much smaller than the other values, will provide a large accessible area for adsorption. The huge area might be effective for both the diffusion path and sorption for the rare earth cations. For others, a small amount (³26%) of the fraction might provide a limited accessible area. Consequently, a very small surface fraction amount, which was provided by the very small amount of PO 4 , might accelerate the adsorption amount. For the total amount of adsorption with the rare earth metal cation, the hybrid with larger amounts of PO 4 , such as MPS-EtP, has certain advantages compared to the other hybrids.
Conclusions
MPS-phosphate hybrids were prepared, and the hybrids were examined for their adsorption competencies of rare earth metal cations. The conclusions are as follows.
1. MPS-phosphate hybrids were prepared by two processes: hybridization post synthesis by reflux and hybridization during synthesis. The hexagonal pore arrangement was confirmed in each hybrid. The hybrid prepared by the reflux process contains around 0.1 mol % of P. However, during synthesis, the hybrids tend to include larger amounts of P than that during the reflux process. For these samples, the amounts of P are approximately 1.0 and 2.9 mol % for the samples prepared from Na 2 HPO 4 and PO(OC 2 H 5 ) 3 , respectively. 2. Form NMR spectra, the hybrid from PO(OC 2 H 5 ) 3 has a POSi bond partially. For this sample, silica and phos- 
